1. Introduction {#sec1-nanomaterials-09-00264}
===============

Over the last decades, the concerns for global warming and climate change have paved the way to the establishment of green synthesis with a highlight on environmentally friendly preparation of advanced nanomaterials \[[@B1-nanomaterials-09-00264],[@B2-nanomaterials-09-00264],[@B3-nanomaterials-09-00264]\]. Among the available methods, photochemical synthesis is pivotal, since its makes use of light as a clean, safe, cost-efficient and traceless reagent, as well as a promising renewable energy resource \[[@B4-nanomaterials-09-00264]\]. In comparison to traditional thermo-derived methods, photochemical synthesis is comparatively workable in mild conditions and demonstrates controllable kinetics features \[[@B5-nanomaterials-09-00264]\]. Significantly, the photochemical synthesis is progressively introduced in preparing nanomaterials from noble metals (Ag, Pd, Au, Pt) nanoparticles \[[@B5-nanomaterials-09-00264],[@B6-nanomaterials-09-00264],[@B7-nanomaterials-09-00264]\] or one-dimensional (1D) architectures, such as ZnS-carbon nanotubes \[[@B8-nanomaterials-09-00264]\], Au nanorods \[[@B9-nanomaterials-09-00264]\], and precious metals (Au and Ag) nanowires \[[@B10-nanomaterials-09-00264]\]. Despite these advantages, there are only a few reports on two-dimensional (2D) structures prepared using photochemical approaches.

In recent years, preparation of 2D nanomaterials by photochemical synthesis has been in high demand due to their impressive electronic properties and unique surface chemistry as well as beneficial quantum-size effect \[[@B11-nanomaterials-09-00264]\]. In this technique, light irradiation is used to good advantage to reduce metal ion precursors and promote the formation of 2D nanostructures. For example, Huang et al. synthesized 2D Au\@TiO~2~ nanocomposites showing platelet-like morphology with the crucial help of the semiconductor colloidal TiO~2~ to initiate and stabilize the reaction \[[@B12-nanomaterials-09-00264]\]. In the more recent example, Bharat and his co-workers demonstrated the synthesis of 2D Au nanodots on α-Fe~2~O~3~\@reduced graphene oxide (RGO) for hetero-nanostructured composites \[[@B13-nanomaterials-09-00264]\]. Briefly, they utilize chlorophyll under sunlight irradiation to stimulate a rapid reduction of Au^3+^ ions to Au° metallic nanodots on α-Fe~2~O~3~\@RGO surface within 30 min \[[@B13-nanomaterials-09-00264]\]. In another way, photochemical synthesis had provided greener approaches to develop nanohybrid semiconductor materials such as Au\@graphene and Au\@metal oxide (TiO~2~, ZnO) \[[@B5-nanomaterials-09-00264],[@B14-nanomaterials-09-00264]\]. Typically, the conventional methods compromise from the vital association of light-absorbing additives such as precious metals (Au and Ag), organic dyes (chlorophyll), or co-precipitation of semiconductor metal oxides (TiO~2~) which face the drawbacks of high cost and non-reusability problems \[[@B12-nanomaterials-09-00264],[@B13-nanomaterials-09-00264],[@B14-nanomaterials-09-00264],[@B15-nanomaterials-09-00264]\]. Unfortunately, these hybrids and composites designed of semiconductor nanomaterials give insufficient sunlight response for photocatalytic activity \[[@B16-nanomaterials-09-00264],[@B17-nanomaterials-09-00264]\]. Therefore, the photochemical synthesis of materials from non-hybrid/composites displaying sunlight response as a photocatalyst is urgently required.

Today, the most promising 2D nanomaterials with sunlight response are from semiconductor materials having nanosheet structures, giving excellent electronic properties, sizable bandgaps and stable charge transfer applications \[[@B18-nanomaterials-09-00264]\]. However, up to now, photochemical synthesis of 2D semiconductor nanomaterials from non-hybrid/composites systems without the use of light-absorbing additives has been rare and poorly reported \[[@B19-nanomaterials-09-00264],[@B20-nanomaterials-09-00264],[@B21-nanomaterials-09-00264]\]. To the best of our knowledge, there are still no reports on the photochemical synthesis of 2D semiconducting nanomaterials from tin di/sulfide (SnS~2-x~, x = 0 or 1). Herein, we successfully prepared SnS~2-x~ as a semiconductor material having nanosheet morphology from photochemical synthesis, without the use of light-absorbing additives. Furthermore, the prepared SnS~2-x~ were used in photo-degradation of methylene blue (MB) dye with good reusability under sunlight response free from harsh oxidizing or reducing reagents. Alternatively, this strategy had presented cost-efficient usage of light in a water medium, as well as the simplicity of the process which makes the whole process a truly green synthesis.

2. Materials and Methods {#sec2-nanomaterials-09-00264}
========================

2.1. Photochemical Synthesis of Tin Di/Sulfide (PS-SnS~2-x~) {#sec2dot1-nanomaterials-09-00264}
------------------------------------------------------------

All of the starting materials are purchased from analytical grade reagents. Deionized water was used as the medium throughout the preparatory works especially during the dilution of the solution. Conventional chemicals of tin (IV) chloride pentahydrate (SnCl~4~.5H~2~O, 98%, Sigma Aldrich, St. Louis, M.O., USA), thioacetamide (TAA, 99%, Acros, N.J., USA), isopropyl alcohol (Tedia, Fairfield, C.T., USA), ethanol (99%, Fisher Chemicals, N.H., USA), and hydrochloric acid (HCl, 36.5--38.0%, J.T. Baker, A.C.S. Reagen, P.A., USA) were purchased from local suppliers. In a typical photochemical synthesis, 1.28 mmoL of SnCl~4~.5H~2~O and 4.39 mmoL of TAA were dissolved in 30 mL isopropyl alcohol in a perfectly screw-capped test tube. After 30 min of vigorous stirring, the solution was transferred to another clean test tube, before the collected precipitates were centrifuged and rinsed with large amounts of deionized water in ethanol to give a golden colored precipitate. Subsequently, the precipitate was thoroughly washed with 0.5 ml of HCl (37% *w*/*w*) and left for overnight. The solid samples were later transferred in an isolated closed-system under continuous halogen-lamp irradiation (90 W) with constant stirring for 8 h. Finally, the sample was dried under vacuum for overnight to give a pale gold solid. For the convenience of description, the collected solid was referred to as "PS-SnS~2-x~" with x is either 0 or 1.

2.2. Characterization {#sec2dot2-nanomaterials-09-00264}
---------------------

The crystalline state of PS-SnS~2-x~ was evaluated using X-ray diffractometer (XRD, Ultima IV, Rigaku Corporation, Japan) with Cu Kα radiation (λ = 1.54 Å) at 30 kV voltage and 15 mA current. The scanning speed was set at 3°/min and in the range between 3° and 80° (2θ). The morphology of the sample was observed using field emission scanning electron microscopy (FESEM, JSM-6700F, JEOL, Tokyo, Japan), attached with energy dispersive X-ray spectroscopy (FESEM-EDX), operated at 3.0 kV to determine the elemental composition of the samples. Prior FESEM analysis, the sample was pre-coated with aluminum (Al) at 10^−1^ mbar using a Bio-Rad system. Transmission electron microscopy (TEM) micrographs of the samples were recorded by a JEM-2100F Electron Microscope (JEOL, Tokyo, Japan) at 160 kV accelerated voltage. The samples were ultrasonically dispersed in acetone and trapped on holey carbon membranes. The particle size measurements were carried out using the HELOS Rados laser diffraction to give the average size distribution (Sympatec Gmbh, Clausthal-Zellerfeld, Germany). For the sample preparation, 5 mg of samples are mixed with 0.1 M sodium pyrophosphate aqueous solution to give a homogeneous suspension. The suspension was later dispersed with an ultrasonic probe at 70 W for 10 min using distilled water before analysis. Fourier-transform infrared (FTIR) spectrometer analysis was carried out on disc-pallet sample, scanned at a resolution of 4 cm^−1^ over a wavenumber region of 450 to 4000 cm^−1^ using the FTIR spectrometer (Spectrum RX1 FTIR system, Perkin Elmer, Waltham, M.A., USA). To prepare the disc-pallet, two milligram of sample were mixed with 80 mg of potassium bromide (KBr, Aldrich, Germany) and ground into a fine powder, before compressing into a disc-pallet. The characteristic peaks of IR transmission spectra were recorded in triplicates for each sample and the results were averaged. The thermal analysis was analysis carried out using a Mettler Toledo thermal analyzer (Columbus, O.H., USA), with a heating rate of 10 °C min^−1^ from room temperature to 1200 °C under a nitrogen atmosphere. For solid samples, the UV--Vis diffuse reflectance spectra (DR UV--Vis) were measured by a Perkin Elmer Lambda 900 ultraviolet-visible/near-infrared (UV--Vis/NIR, Waltham, M.A., USA) using a polytetrafluoroethylene polymer as a standard background, scanning in the wavelength ranges from 250 to 900 nm against absorbance. For liquid samples, the UV--Vis spectra were measured using a Thermo Scientific GENESYS 10S (Madison, W.I., USA) from 500 to 800 nm. The X-ray photoelectron spectroscopy (XPS, JEOL JPS-9200) spectra (JEOL, Tokyo, Japan) were recorded using a standard Mg-Kα radiation as the X-ray source. A charge neutralizer was used to reduce charging effects, and data were taken using a pass energy of 10 eV. All the binding energies are corrected based on the adventitious C 1s peak (284.8 eV) with Shirley background was used in the peak fitting. For XPS peaks processing, deconvolution was performed using Gaussian (70%)-Lorentzian (30%). The fluorescence spectra of samples were measured on a photoluminescence (PL) spectroscopy (JASCO FP-8500, Tokyo, Japan) with both of excitation and emission bandwidths were fixed at 5 nm.

2.3. Catalytic Activity {#sec2dot3-nanomaterials-09-00264}
-----------------------

In this study, we have investigated the catalytic performance of PS-SnS~2-x~ for wastewater treatment by considering the degradation of MB dye in aqueous solution under sunlight irradiation at room temperature. Notably, MB with aromatic structures ([Figure S1](#app1-nanomaterials-09-00264){ref-type="app"}) is the most common basic/cationic dyeing materials for silk and cotton, in the textiles industries and chosen as the source for water pollutants \[[@B21-nanomaterials-09-00264]\]. Human consumption on water-polluted dye from MB had caused health problems such as digestive and respiratory systems failure, nausea, and vomiting as well as profuse sweating \[[@B22-nanomaterials-09-00264],[@B23-nanomaterials-09-00264],[@B24-nanomaterials-09-00264]\]. Firstly, the suspension that consists of 2.0 mL of 0.1 mM MB added to 50 mg of the PS-SnS~2-x~ in a quartz cuvette, stirred in the dark for 180 min to ensure the adsorption-desorption equilibrium. After 180 min, the absorption spectra were recorded through time-dependent UV--Vis at 30 min intervals over the scanning wavelength from 200 to 600 nm, at room temperature. The MB degradation was monitored from decreasing UV--Vis intensity at the absorption band of 638 nm.

3. Results and Discussion {#sec3-nanomaterials-09-00264}
=========================

3.1. Characterization of Photochemical Synthesis of Tin Disufides (PS-SnS~2-x~) {#sec3dot1-nanomaterials-09-00264}
-------------------------------------------------------------------------------

The phase composition and crystal structure of PS-SnS~2-x~ were characterized using XRD as shown in [Figure 1](#nanomaterials-09-00264-f001){ref-type="fig"}. As can be seen, the XRD peak positions are in good agreement with the standard diffraction data of JCPDS no. 23-0677, representing a hexagonally closed-packed arrangement of SnS~2-x~ with the space group of P-3m1. Clearly, intense peaks of SnS~2-x~ are measured at 15.1°, 28.4°, 32.3°, and 50.1° corresponding to crystal (0 0 1) plan, (1 0 0) plan, (1 0 1) plan and (1 1 0) plan, respectively. By analyzing Bragg reflection measured at 2θ = 15.1°, the favored orientation growth of PS-SnS~2-x~ is parallel to the C-direction, indicating a preferential stacking along the (0 0 1) direction stronger than the (1 0 0) and (1 0 1) planes due to the anisotropic arrangements \[[@B25-nanomaterials-09-00264]\]. From the XRD analysis, the XRD diffractogram match well with the assignment of a 2T-type hexagonal layered for nanosheets PS-SnS~2-x~ having well-ordered structure due to weak van der Waals forces \[[@B26-nanomaterials-09-00264],[@B27-nanomaterials-09-00264],[@B28-nanomaterials-09-00264],[@B29-nanomaterials-09-00264]\]. The *d*-spacing (2θ = 15.1°) of nanosheets PS-SnS~2-x~ estimated at 5.8626 Å by using the following Bragg's Law: where n is a positive integer and λ is the wavelength of the incident wave. Furthermore, the lattice constants of cell parameters were determined at a= b= 3.589 ± 0.001 Å and c= 5.862 ± 0.004 Å, with c/a ratio and atomic packing factor of 1.633 and 0.74, respectively, as calculated using the following Bravais Lattice equation: $$\frac{1}{d_{hkl}^{2}} = \frac{4}{3}\left( \frac{h^{2} + {hk} + k^{2}}{a^{2}} \right) + \frac{l^{2}}{c^{2}}$$ where *d* is the distance of adjacent planes (h k l), a and c are the lattice parameters of the hexagonal structure. Notably, the as-obtained value for c corresponding to integral numbers of the inter-lamellar spacing is close to d-spacing obtained by Bragg's Law and literature values (5.899 Å) \[[@B25-nanomaterials-09-00264],[@B28-nanomaterials-09-00264]\]. From the XRD pattern, the crystalline PS-SnS~2-x~ was free from any contamination by other phases such as tin (II) oxide (SnO), or tin (IV) oxide (SnO~2~). Judging from the intense XRD pattern, it was evident that the PS-SnS~2-x~ was having good crystallinity and anisotropically well-developed at (0 0 1) planes that stacked along C-axis without susceptible faults separation in the nanosheet arrangements \[[@B29-nanomaterials-09-00264]\].

For 2D nanostructured materials, the planes thickness along C-axis can be estimated from the half-width XRD peaks along the oriented axis using the following the Debye--Scherrer equation \[[@B29-nanomaterials-09-00264],[@B30-nanomaterials-09-00264]\]: where θ is the Bragg diffraction angle, β is the full width at the half-height maxima (FWHM) of the desired XRD peaks, k is the Scherrer constant of 0.9 for typical crystallites, λ is the X-ray wavelength of Cu Kα = 0.15406 nm, and *d* is the particle size of the crystal. By using the equation, the nanosheet thickness of PS-SnS~2-x~ was estimated to be 26 nm according to the (0 0 1) peak. It is of interest, the SnS~2-x~ samples on different irradiation at 30 and 60 W were also scanned using XRD. In this case, based on XRD pattern in [Figure S2](#app1-nanomaterials-09-00264){ref-type="app"}, only the (0 0 1) plane are reasonably measured, while the (1 0 0) and (1 0 1) planes are non-distinguished peaks. Based on kinetic feasibility, the photochemical synthesis of PS-SnS~2-x~ had promoted the metal species nucleation, aggregation growth, and self-assembly preferentially along (0 0 1) plane due to solvents and precursors characteristic \[[@B31-nanomaterials-09-00264]\].

To confirm the sample composition and purity, the PS-SnS~2-x~ was analyzed by the energy dispersive X-ray analysis (EDX) as shown in [Figure 2](#nanomaterials-09-00264-f002){ref-type="fig"}a. The EDX spectrum of the PS-SnS~2-x~ shows the elemental composition of sulfur (S) at 2.0 to 2.4 keV, and tin (Sn) at 3.5 to 3.8 keV, with considerable aluminum (Al), detected due to sample preparations. The presence of carbon (C) and oxygen (O) may have been caused by experimental conditions and solution applied \[[@B32-nanomaterials-09-00264]\]. [Table 1](#nanomaterials-09-00264-t001){ref-type="table"} represents the EDX depth analysis with the elemental composition for the PS-SnS~2-x~ was confirmed to be S (at 17.09%) and Sn (at 32.31%), without any elemental impurities being detected. EDX analysis showed the atomic ratio between Sn and S was 1:1.9 (error \<0.05%), which is very close to the theoretical stoichiometry of SnS~2-x~, thus, confirming its chemical composition as SnS~2-x~. In considering the experimental results, the photochemical synthesis produces SnS~2-x~ based on the off-stoichiometry findings. This finding indicated that the highly purified SnS~2-x~ was successfully prepared from the photochemical synthesis and corroborated the XRD analysis. As shown in [Figure 2](#nanomaterials-09-00264-f002){ref-type="fig"}b, the PS-SnS~2-x~ was distributed as layered materials consist of a high agglomeration of sheet-like aggregates with an average size distribution around 800 nm. Predominantly, the PS-SnS~2-x~ has similar morphology to that of other layered metal di/sulfides, replicating agglomerated sheet-like materials morphology \[[@B33-nanomaterials-09-00264]\]. The presence of agglomeration is conceived to be due to capping effects by additives during termination of S at (0 0 1) facets on crystals ripening process \[[@B34-nanomaterials-09-00264],[@B35-nanomaterials-09-00264]\]. Furthermore, our results share the common observation of nanosheets with previous findings \[[@B31-nanomaterials-09-00264],[@B36-nanomaterials-09-00264]\].

Transmission electron microscopy (TEM) was used to assess the inter-spacing structures over a few-layer of nanosheet PS-SnS~2-x~ as shown in [Figure 3](#nanomaterials-09-00264-f003){ref-type="fig"}. In [Figure 3](#nanomaterials-09-00264-f003){ref-type="fig"}, TEM images at different magnification on PS-SnS~2-x~ further confirmed the surface nanosheet shape with (0 0 1) facet, and in good agreement with the XRD and FESEM analysis. TEM images in [Figure 3](#nanomaterials-09-00264-f003){ref-type="fig"}a show the sheet-like morphology is similar to those observed for 2D layered materials such as graphene \[[@B37-nanomaterials-09-00264],[@B38-nanomaterials-09-00264]\]. Also, we can see that aggregates with a size of more than 500 nm are composed of a large number of nanosheets (inset [Figure 3](#nanomaterials-09-00264-f003){ref-type="fig"}a). TEM images in [Figure 3](#nanomaterials-09-00264-f003){ref-type="fig"}b revealed lamellar structure from thin strips of regular lattice fringes with d-spacing of 0.59 nm, which is consistent with the inter-planar distance of (0 0 1) planes in hexagonal SnS~2-x~ crystal \[[@B33-nanomaterials-09-00264],[@B39-nanomaterials-09-00264]\]. It is consistent with the above XRD and FESEM analysis results that the PS-SnS~2-x~ is highly crystallized aggregates. From the XRD, SEM and TEM analysis, it can, therefore, be deduced that layered structures are interlinked over multiple nanosheets of hexagonal SnS~2-x~ crystals \[[@B40-nanomaterials-09-00264],[@B41-nanomaterials-09-00264]\] to give highly agglomeration of sheet-like aggregates.

To quantify the particle size of PS-SnS~2-x~, [Figure 4](#nanomaterials-09-00264-f004){ref-type="fig"} shows the particle size distribution of PS-SnS~2-x~ by laser diffraction on the volume-specific surface of particles. As can be seen, the measured average particle size was found to be 870 nm, showing almost a binomial distribution of 0.31--2.91 μm. The density distribution curve is monomodal with a high amount centered in the mean region. This finding is in good agreement with FESEM and TEM morphology analysis. The measured particle size for PS-SnS~2-x~ at 870 nm is most likely due to strongly bound S-Sn-S stacked units. It is worth noting that sheet-like PS-SnS~2-x~ consists of Sn cations with two layers of hexagonal closed-packed S anions and adjacent S--Sn--S sandwich order held together by van der Waals interactions \[[@B25-nanomaterials-09-00264]\]. The S atoms occupy this kind of sandwich order to give a molecular layer of saturated close packing to the Sn atoms \[[@B26-nanomaterials-09-00264]\]. Compared with other synthetic SnS~2-x~, the sheet-like particle size obtained from the photochemical synthesis was higher than that works presented by Taleblou et al. (685 nm) \[[@B32-nanomaterials-09-00264]\] and Fu et al. (275 nm) \[[@B36-nanomaterials-09-00264]\]. To date, owing to the large particles size and sheet-like arrangement exhibiting superior electronic properties, SnS~2-x~ were developed as photodetectors, semiconductors, supercapacitors, and batteries \[[@B28-nanomaterials-09-00264],[@B31-nanomaterials-09-00264],[@B33-nanomaterials-09-00264],[@B42-nanomaterials-09-00264]\].

The XPS study was conducted to understand the surface electronic states and binding feature between the PS-SnS~2-x~ as shown in [Figure 5](#nanomaterials-09-00264-f005){ref-type="fig"}. Briefly, the XPS spectrum ([Figure 5](#nanomaterials-09-00264-f005){ref-type="fig"}) provides a complete view on the surface elemental evolution of the Sn 3d and S 2p core level of the PS-SnS~2-x~ nanostructures. In [Figure 5](#nanomaterials-09-00264-f005){ref-type="fig"}a, the two strong deconvoluted peaks at 486.3 and 494.7 eV with a spin-orbit doublet splitting of 8.4 eV, can be assigned to Sn 3d~3/2~ and Sn 3d~5/2~, respectively. These peaks match closely to the characteristic Sn^4+^ peaks in SnS~2-x~ \[[@B27-nanomaterials-09-00264],[@B43-nanomaterials-09-00264],[@B44-nanomaterials-09-00264]\]. At a higher resolution, XPS spectra ([Figure 5](#nanomaterials-09-00264-f005){ref-type="fig"}b) of S 2p displayed a pair of doublets spin-orbital peaks centered at 162.5 and 163.7 eV, which were attributed to S 2p~1/2~ and S 2p~3/2~, respectively. The S 2p core level region displayed a spin-orbit doublet splitting of 1.2 eV corresponding to S^2−^ species that are common to SnS~2-x~ phases. Altogether, the XPS profiles on binding energies of Sn^4+^ and S^2−^ further confirmed the presence of Sn and S in the PS-SnS~2-x~ and is in good agreement with the literature \[[@B25-nanomaterials-09-00264],[@B30-nanomaterials-09-00264],[@B45-nanomaterials-09-00264]\].

To give further insight, the chemical structure and compound content of PS-SnS~2-x~ was examined using FTIR and thermal analysis as shown in [Figure 6](#nanomaterials-09-00264-f006){ref-type="fig"}. Based on FTIR analysis ([Figure 6](#nanomaterials-09-00264-f006){ref-type="fig"}a), very intense broad bands at 3400 and 1633 cm^−1^ can be assigned to hydrogen-bonded hydroxyl groups (O--H) vibration indicating strong water bounds by intermolecular hydrogen bonding in the structure. Since sheet-like materials are highly hydrophilic and easily trapped moisture, the broad band in [Figure 6](#nanomaterials-09-00264-f006){ref-type="fig"}a, is very much associated with the presence of water consistent in complete agreement with the literatures \[[@B32-nanomaterials-09-00264],[@B34-nanomaterials-09-00264]\]. More importantly, the presence of the vibrational band at 628 cm^−1^ is attributed to the Sn-S bond. According to the thermal analysis, in [Figure 6](#nanomaterials-09-00264-f006){ref-type="fig"}b, the remained phase after 450 °C is corresponding to the residual inorganic contents with the final weight loss of 19.1%. Based on the thermogram, the initial weight of 6% at less than 200 °C (in [Figure 6](#nanomaterials-09-00264-f006){ref-type="fig"}b) are attributed to the adsorbed water moisture within the sheet-like structure as proposed by FTIR analysis (in [Figure 6](#nanomaterials-09-00264-f006){ref-type="fig"}a). The final weight loss of an additional 13.1% after 250 °C are ascribed to the removal of the adsorbed oxygen fixed within the nanosheet arrangements \[[@B35-nanomaterials-09-00264],[@B44-nanomaterials-09-00264]\]. The final residual mass after heat treatment in the air was found to be 81.9% at analysis temperature up to 1200 °C, strongly suggest PS-SnS~2-x~ is thermally stable.

The optical property of PS-SnS~2-x~ was investigated using DR UV--Vis and PL as shown in [Figure 7](#nanomaterials-09-00264-f007){ref-type="fig"}. According to [Figure 7](#nanomaterials-09-00264-f007){ref-type="fig"}a, the PS-SnS~2-x~ gives broad photo-absorption bands across the ultraviolet and visible wavelengths from 280 to 500 nm. From the DR UV--Vis absorption, the optical bandgap (Eg) value of the PS-SnS~2-x~ was determined using a Tauc plot based on the following formula: where α is the absorption coefficient, hυ is the photon energy, and A is constant. From the inset [Figure 7](#nanomaterials-09-00264-f007){ref-type="fig"}b, by extrapolating the linear part of the transformed (αhν)^2^ against photon energy plots the indirect gaps of PS-SnS~2-x~ were calculated at 2.49 eV. This value is in good agreement with the previous reports on nanostructured SnS~2-x~ (2.18--2.50 eV) \[[@B46-nanomaterials-09-00264],[@B47-nanomaterials-09-00264]\]. Moreover, the theoretical optical bandgap energy of the PS-SnS~2-x~ was calculated using the following Einstein's photoelectric effect formula \[[@B36-nanomaterials-09-00264],[@B48-nanomaterials-09-00264]\]: where λ is the lower cut-off wavelength in nm. From the onset of the absorption edge, at 500 nm the Eg value is estimated to be 2.48 eV \[[@B36-nanomaterials-09-00264]\]. The broad spectrum measured due to the intrinsic bandgap transition implies that the prepared PS-SnS~2-x~ are useful as sunlight response photocatalysts for degradation of organic pollutants. To further confirm the E~g~ value, the PS-SnS~2-x~ was analyzed via the PL technique. In [Figure 7](#nanomaterials-09-00264-f007){ref-type="fig"}b, the PL spectra show a strong excitation peak at 496 nm, indicating charge migration from recombination of excitons of the conduction band to the valence band \[[@B36-nanomaterials-09-00264],[@B40-nanomaterials-09-00264]\]. From the strong PL peak, the E~g~ was estimated directly at 2.5 eV by using aforementioned formula (5) \[[@B36-nanomaterials-09-00264]\] and confirmed with the value calculated from DR UV--Vis analysis.

3.2. Photocatalytic Activity on Sunlight Response {#sec3dot2-nanomaterials-09-00264}
-------------------------------------------------

As highlighted earlier, the challenge in the textiles industries is the dye-waste treatments having to diminish their contaminant impact on environments, in the end, providing reusable clean water by degradation of the dye pollutant. To demonstrate the photocatalytic activity for this study, the PS-SnS~2-x~ underwent a catalytic performance evaluation under sunlight on the degradation of MB dye as the source of water pollutants. Once the dye solution and PS-SnS~2-x~ mixtures reached adsorption−desorption equilibrium ([Figure S3](#app1-nanomaterials-09-00264){ref-type="app"}), the solution was then directly monitored for a photo-degradation reaction. The UV−Vis absorption spectra of MB and their percentage of degradation as a function of reaction time under sunlight irradiation at room temperature are presented in [Figure 8](#nanomaterials-09-00264-f008){ref-type="fig"}. In this study, the percentage of degradation for MB was calculated using the following equation: where C~o~ is the initial concentration and C*~t~* is the concentration at time *t*. Based on [Figure 8](#nanomaterials-09-00264-f008){ref-type="fig"}b, MB directly degrades at 3% after 30 min continuous mixing with PS-SnS~2-x~. From the photo-degradation evaluation, MB further degraded to 51% and 72%, at 210 and 300 min, respectively. Overall, the degradation processes for MB in the presence of PS-SnS~2-x~ under sunlight give a total degradation of 92% after 420 min. To compare, MB did not degrade when exposed to sunlight without the PS-SnS~2-x~ in the control experiments setting. Nonetheless, the agglomerated sheet-like morphology of PS-SnS~2-x~ may result in fast photo-generated charge transfer/separation dynamics and significantly contributed to the photocatalytic capability. On the other hand, the UV--Vis absorption spectra did not give any significant change in dark conditions, indicating that the photo-degradation process is not physical adsorption but follow photocatalytic mechanism from sunlight response. Intriguingly, the photo-degradation process using PS-SnS~2-x~ did not need of any prevalent oxidizing agents such as H~2~O~2~ and KMnO~4~ or reducing agents such as NaBH~4~ and LiAlH~4~, yet the performance is comparable to that of the previously reported SnS~2-x~ as a catalyst \[[@B49-nanomaterials-09-00264],[@B50-nanomaterials-09-00264],[@B51-nanomaterials-09-00264],[@B52-nanomaterials-09-00264]\]. Moreover, the PS-SnS~2-x~ shows photo-degradation on MB in room temperature without any pH adjustment indicating suitability for wastewater treatments.

To study the reaction kinetics, the photo-degradation of MB using PS-SnS~2-x~ gives both an exponential and linear relationship of pseudo-first-order kinetics as shown in [Figure S4](#app1-nanomaterials-09-00264){ref-type="app"}. From the following kinetics equation: which, C~0~ is the initial concentration and C*~t~* is the concentration after a certain time (t) on corresponding MB, the value of rate constant, k was calculated at 3.32 × 10^−3^ min^−1^ and half-life, t~1/2~ at 209 min. In comparison, the k has similar value as in reported data (3.2−4.8 × 10^−3^ min^−1^) for photo-degradation of dye pollutants using SnS~2-x~ nanoparticles \[[@B17-nanomaterials-09-00264],[@B25-nanomaterials-09-00264],[@B53-nanomaterials-09-00264],[@B54-nanomaterials-09-00264],[@B55-nanomaterials-09-00264],[@B56-nanomaterials-09-00264]\]. Furthermore, in [Figure 9](#nanomaterials-09-00264-f009){ref-type="fig"}, the degradation evolution profile of PS-SnS~2-x~ on photo-degradation of MB is represented from the plot of degradation ratio against reusability cycling time. From the graph, the PS-SnS~2-x~ show stable reusability for up to five cycle usages on the photo-degradation of MB. In details, the PS-SnS~2-x~ show 100% degradation ratio of MB pollutants for first and second cycles, before slightly decrease to 99% and 98% during the third and fourth cycles, respectively. In the fifth cycles, the reusability of PS-SnS~2-x~ is maintained at 93%, suggesting good photo-degradation reusability on MB under sunlight response as compared to similar SnS~2-x~-type photocatalyst and vital for its industrial application prospects \[[@B39-nanomaterials-09-00264]\].

3.3. Plausible Mechanisme {#sec3dot3-nanomaterials-09-00264}
-------------------------

On the bases of the above experimental results and discussion, a plausible growth mechanism of the nanosheet PS-SnS~2-x~ can be illustrated as shown in [Figure 10](#nanomaterials-09-00264-f010){ref-type="fig"}. In view of the chemical environment and crystal growth, the formation of the 2D nanosheet PS-SnS~2-x~ is mainly as a result of the adsorption on chemical precursors of TAA and SnCl~4~.5H~2~O in the aqueous solvents on the (0 0 1) facet. During the initial stage of crystal nucleation and growth processes in the photochemical synthesis, the SnCl~4~ interact to form a complex with TAA under acidic condition. In this approach, TAA was chosen as the sulfur (S) source permitting only slow decomposition rate in aqueous solution to give a lower degree of supersaturation \[[@B25-nanomaterials-09-00264],[@B35-nanomaterials-09-00264],[@B49-nanomaterials-09-00264]\]. The overall photochemical synthesis for the H~2~S formation on halogen-lamp irradiation is represented in the following reactions: $${Sn}^{4 +} + S^{2 -}\overset{hv}{\rightarrow}{SnS}_{2 - x}$$

At the early stage in reaction 8, the hydrolysis of TAA releases H~2~S under acidic medium. Based on the above reactions (Equations (9) and (10)), each TAA molecule is supposed to coordinate with at least one Sn^4+^ ions through its N atoms in the TAA/SnCl~4~ solution to from Sn\--CH~3~CONH~2~, a Sn (IV)-type complexes. To give the sandwich layered structures, the reaction continues by the formation of inter-twisted H-bonds formed between H atoms and N atoms of two nearby CH~3~CONH~2~ molecules. The 2D inter-digitations in each layer consist of similar S atoms arrayed in each Sn--CH~3~CONH~2~, subsequently giving the uniform orientation of S-Sn-S with each layer containing two S-atom and one Sn-atom of opposite charge. Under halogen-lamp irradiation in Equation (9), the sandwich layered of Sn (IV) complexes starts to degrade to produce Sn^4+^ ions at the high reaction temperature (\>100 °C). In an instant, the strong coordination bonds between the H~2~S and Sn^4+^ were weakening the S--H bond further broke to release S^2−^ ions, and combine with Sn^4+^ ions to initiate the SnS~2-x~ nucleation. After a certain period, the readily nucleated SnS~2-x~ tend to form matured SnS~2-x~ particles and grow larger by recrystallization of growth processes (Equation (10)). In due course, the nanosheet PS-SnS~2-x~ self-assembled through minimizing the surface energy by crystal suppression and Ostwald ripening processes. The Ostwald ripening processes that stimulate anisotropic growth are most probably responsible for sheet-like morphology for PS-SnS~2-x~ \[[@B34-nanomaterials-09-00264],[@B49-nanomaterials-09-00264],[@B54-nanomaterials-09-00264]\]. As validated by the morphology and crystal structure analysis, the nanosheets became thicker and larger as the ripening progress obeyed the distinct nature of hexagonal berndtite SnS~2-x~, to take the form of most stable nanosheets stacked by at least triple layers of S--Sn--S \[[@B57-nanomaterials-09-00264],[@B58-nanomaterials-09-00264],[@B59-nanomaterials-09-00264]\]. Notably, incomplete reduction by H~2~S might contribute to the considerable formation of Sn-S. To highlight the photocatalytic behavior, SnS~2-x~ possess a mixed character for electronic bands from metal d-orbitals and p-orbitals of the chalcogen species, which is crucial in semiconductor photocatalytic application. Since SnS~2~ is an n-type semiconductor, the photocatalytic degradation of dye pollutant is corresponding to the reduction process. In principle, after PS-SnS~2-x~ absorbed photon energy from sunlight, the valence band (VB) electrons (e−) from two negative charge carriers of are excited to the conduction band (CB) and create holes (h+) carriers from four positive charges of Sn \[[@B27-nanomaterials-09-00264],[@B59-nanomaterials-09-00264],[@B60-nanomaterials-09-00264],[@B61-nanomaterials-09-00264]\]. For PS-SnS~2-x~, the large sheet-like structures and thin thickness are suitable active sites for optimum electrons and holes migration to reaction sites of the surface for reduction of MB dye. For the sunlight response of PS-SnS~2-x~, its might be contributed by the highly dispersive conduction band of Sn central metal ion with a d^10^ electronic configuration \[[@B62-nanomaterials-09-00264],[@B63-nanomaterials-09-00264],[@B64-nanomaterials-09-00264],[@B65-nanomaterials-09-00264]\]. In this context, the sunlight stimulates photoexcited CB where the separated e− act to reduce the MB dye \[[@B16-nanomaterials-09-00264],[@B18-nanomaterials-09-00264],[@B49-nanomaterials-09-00264]\]. In the same manner reported previously \[[@B16-nanomaterials-09-00264],[@B17-nanomaterials-09-00264],[@B18-nanomaterials-09-00264],[@B60-nanomaterials-09-00264],[@B61-nanomaterials-09-00264]\], the proposed photo-degradation of MB under sunlight response in the presence of PS-SnS~2-x~ in aqueous solution that obeyed a direct reduction mechanism is as follows: $${SnS}_{2^{-}}\overset{hv}{\rightarrow}{SnS}_{2}(e^{-} + h^{+})$$ $$\left. H_{2}O + 2H^{+}\rightarrow\frac{1}{2}O_{2} + 2H^{+} \right.$$ $$\left. C_{16}H_{18}N_{3}S^{2 +} + \frac{15}{2}O_{2}\rightarrow 16{CO}_{2} + 3{{NO}_{3}}^{-} + {SO}_{4}{}^{2 -} + 6H^{+} + 6H_{2}O \right.$$

The final products for photo-degradation of MB give carbon dioxide, sulfate, nitrate, and ammonium ions from carbon, sulfur and nitrogen heteroatoms \[[@B60-nanomaterials-09-00264],[@B61-nanomaterials-09-00264]\].

4. Conclusions {#sec4-nanomaterials-09-00264}
==============

To summarize, we have developed a facile preparation from the photochemical synthesis of nanosheet PS-SnS~2-x~ using TAA as the S source and Sn salts precursor in an aqueous system. The XRD analysis indicated that the PS-SnS~2-x~ form hexagonally closed-packed crystals. The TEM, FESEM, and EDX analyses showed sheet-like aggregates with good elemental distributions in the PS-SnS~2-x~. The particle size analysis suggested that the average size for PS-SnS~2-x~ is 870 nm. XPS analysis confirmed that Sn^4+^ and S^2−^ are present in the nanosheet aggregates. PL and DR UV--Vis spectra suggested that the samples are capable of absorbing light with corresponding E~g~ at \~2.5 eV. We explored the catalytic activities via MB photo-degradation under sunlight in the neutral water medium, without the presence of harsh oxidizing or reducing agents. The kinetics reaction of photo-degradation on MB was investigated to follow pseudo-first-order kinetics model (k = 3.32 × 10^−3^ min^−1^) with good reusability (up to five cycles). In the future, the photochemical synthesis presented here is expected to offer a feasible procedure on the green protocol for the preparation of 2D nanosheets of semiconductor materials in sustainable development for water purification and solar water splitting applications.
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![X-ray diffraction (XRD) pattern of the PS-SnS~2-x~, indexed to the hexagonal structure of tin di/sulfide JCPDS card No. 23-0677 (vertical lines).](nanomaterials-09-00264-g001){#nanomaterials-09-00264-f001}

![(**a**) Energy dispersive X-ray spectroscopy (EDX) analysis spectra on selected-area electron diffraction (SAED) of PS-SnS~2-x~. (**b**) Field emission scanning electron microscopy (FESEM) micrograph of the PS-SnS~2-x~ at 30,000× magnification (the dotted box suggesting a layered sheet-like structure).](nanomaterials-09-00264-g002){#nanomaterials-09-00264-f002}

![TEM micrograph of (**a**) photochemical synthesis of tin di/sulfides (PS-SnS~2-x~), inset: corresponding PS-SnS~2-x~ at lower magnification, and (**b**) lattice fringes at the (0 0 1) plane having lamellar structures with an inter-planar distance of 5.9 Å.](nanomaterials-09-00264-g003){#nanomaterials-09-00264-f003}

![Particle size distribution of PS-SnS~2-x~ obtained by laser diffraction on the volume-specific surface of particles.](nanomaterials-09-00264-g004){#nanomaterials-09-00264-f004}

![XPS profile of the PS-SnS~2-x~: (**a**) Sn 3d core levels and (**b**) S 2p core levels.](nanomaterials-09-00264-g005){#nanomaterials-09-00264-f005}

![Structural analysis of the PS-SnS~2-x~: (**a**) Fourier transform infrared (FTIR) spectra and (**b**) Thermal-differential scanning calorimetry thermogram.](nanomaterials-09-00264-g006){#nanomaterials-09-00264-f006}

![Optical analysis for the PS-SnS~2-x~ (**a**) UV--Visible diffuse reflectance spectrum (DR UV--Vis) with inset Tauc plot, and (**b**) Photoluminescence spectra from λ excitation at 280 nm.](nanomaterials-09-00264-g007){#nanomaterials-09-00264-f007}

![Degradation of methylene blue (MB) for 420 min (**a**) PL changes under sunlight response and (**b**) plot of degradation (%) against time.](nanomaterials-09-00264-g008){#nanomaterials-09-00264-f008}

![Degradation evolution profile of PS-SnS~2-x~ under sunlight response on MB for the first five cycles.](nanomaterials-09-00264-g009){#nanomaterials-09-00264-f009}

![Schematic formation of PS-SnS~2-x~ with sunlight response.](nanomaterials-09-00264-g010){#nanomaterials-09-00264-f010}
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EDX depth analysis for photochemical synthesis of tin di/sulfide (PS-SnS~2-x~) under aluminum coating.

  Elements        Atomic Percentage (%)
  --------------- -----------------------
  Carbon (C)      39.26
  Aluminum (Al)   6.15
  Oxygen (O)      5.28
  Sulfur (S)      32.31
  Tin (Sn)        17.09
